Genetic evidence supports an early role for Notch signaling in the fate of podocytes during glomerular development. Decreased expression of Notch transcriptional targets in developing podocytes after the determination of cell fate suggests that constitutive Notch signaling may oppose podocyte differentiation. This study determined the effects of constitutive Notch signaling on podocyte differentiation by ectopically expressing Notch's intracellular domain (NOTCH-IC), the biologically active, intracellular product of proteolytic cleavage of the Notch receptor, in developing podocytes of transgenic mice. Histologic and molecular analyses revealed normal glomerular morphology and expression of podocyte markers in newborn NOTCH-IC-expressing mice; however, mice developed severe proteinuria and showed evidence of progressive glomerulosclerosis at 2 wk after birth. Features of mature podocytes were lost: Foot processes were effaced; expression of Wt1, Nphs1, and Nphs2 was downregulated; cell-cycle re-entry was induced; and the expression of Pax2 was increased. In contrast, mice with podocyte-specific inactivation of Rbpsuh, which encodes a protein essential for canonical Notch signaling, seemed normal. In addition, the damaging effects of NOTCH-IC expression were prevented in transgenic mice after simultaneous conditional inactivation of Rbpsuh in murine podocytes. These results suggest that Notch signaling is dispensable during terminal differentiation of podocytes but that constitutive (or inappropriate) Notch signaling is deleterious, leading to glomerulosclerosis.
Genetic evidence in mice suggests that podocyte cell fate determination is regulated by Notch signaling during nephrogenesis. [1] [2] [3] Notch signaling controls cell differentiation in multiple developing organ systems (reviewed by Kadesch 4 ) . A key step in Notch receptor activation is proteolytic cleavage of its intracellular domain (NOTCH-IC), 5 resulting in NOTCH-IC nuclear translocation and complex formation with the transcriptional repressor, recombination binding protein J-(Rbpsuh; Mouse Genome Informatics; also known as RBPJ-, CSL, and CBF1). 6 NOTCH-IC binding to RBPJ-recruits transcriptional co-activators that induce expression of downstream targets, including Hairy/ Enhancer of Split (Hes) and Hes-related (Hey) genes [7] [8] [9] that function as Notch effectors by negatively regulating tissue-specific differentiation. 10, 11 During proximal nephron specification, it is unclear whether Notch is involved in binary decisions that influence podocyte versus proximal tubular cell fate choices or subsequently functions in podocyte terminal differentiation during glomerular development. The demonstration that the ␥-secretase inhibitor N-[N-(3,5-Difluorophenacetyl-L-alanyl)]-S-phe- nylglycine t-butyl ester (DAPT) does not prevent podocyte Wilms' tumor 1 (WT1) expression in advanced-stage cultured metanephroi argues against a subsequent role for cleavage-dependent Notch activation in podocyte terminal differentiation. 2 Consistent with this concept are reports of Notch pathway genes expression patterns in developing podocytes, which reveal a progressive decline in Notch1, Notch2, Hes1, and Hey1 mRNA levels in immature podocytes and absent expression in podocytes at more advanced stages of glomerulogenesis. [12] [13] [14] Collectively, these data suggest that high levels of Notch signaling in podocyte progenitors may be essential for initiating differentiation, yet lower or absent levels of Notch signaling in developing podocytes may be necessary for terminal differentiation. Conversely, persistent activation of Notch in developing podocytes may oppose terminal differentiation.
To investigate the effect of Notch activation in developing podocytes, we used a tissue-specific, CRE-loxP-mediated approach to express ectopically NOTCH-IC in embryonic podocytes and determined the effect of constitutive Notch signaling on podocyte differentiation and postnatal function. Our results indicate that ectopic NOTCH-IC expression causes loss of glomerular filtration barrier selective permeability, podocyte differentiation defects, and glomerulosclerosis within the first few weeks of life. These effects are completely prevented by blocking canonical Notch signaling through mutational inactivation of Rbpsuh. Our data support the concept that downregulated Notch activity is crucial for podocyte differentiation and suggest a novel pathogenic role for inappropriate podocyte Notch activation in glomerulosclerosis.
RESULTS

Podocyte-Specific Expression of MYC NOTCH-IC in Transgenic Mice
In vivo effects of constitutive Notch signaling in murine podocytes were determined using a CRE-loxP conditional transgenic approach to induce podocyte-specific expression of MYC-tagged Notch intracellular domain (termed At postnatal day 7 (P7), 21 Ϯ 5% of podocytes were (MYC, WT1)-doublepositive (n ϭ 22 glomeruli). By P21, this fraction increased to 35 Ϯ 6% (n ϭ 22 glomeruli) and was 51 Ϯ 6% at P28 (n ϭ 16 glomeruli).
Occasionally, weak anti-NOTCH1 immunostaining was detected within the glomerular capillary tuft or in the cytoplasm of tubular elements ( Figure 1G ), raising the possibility that CRE-independent (i.e., leaky)
MYC NOTCH-IC expression in nonpodocyte lineages might account for glomerular and tubular anti-NOTCH1 immunostaining in transgenic tissues. To examine this possibility, we performed double-labeling experiments on mouse kidney tissue sections using anti-MYC antibody and either anti-CD31 or Lotus tetragonolobus lectin (LTL) to detect simultaneously MYC NOTCH-IC-expressing cells in glomerular capillary endothelium or proximal tubular epithelium, respectively. MYC-positive cells were detected in glomeruli of CRE(ϩ);NOTCH-IC transgenic mice contiguous but not overlapping with staining for anti-CD31 antibody ( Figure 1K ). In contrast, MYC-positive cells were not detected in glomeruli of wild-type and CRE(Ϫ);NOTCH-IC mice also stained with anti-CD31 antibody ( Figure 1, I and J, respectively), suggesting that glomerular capillary endothelium did in podocytes as revealed by immunohistochemistry using anti-MYC (C through E), and anti-NOTCH1 (F through H) antibodies. Nonserial, representative images are shown of newborn mouse kidney tissue sections from wild-type (C and F), CRE(Ϫ);NOTCH-IC (D and G), and CRE(ϩ);NOTCH-IC (E and H) mice. Black arrows denote anti-MYC or anti-NOTCH -stained cells. g, glomeruli. Sections were counterstained with hematoxylin. (I through N) Dual immunofluorescence labeling of mouse kidney tissue sections with either anti-MYC (green) and anti-CD31 (red) antibodies (I through K) or anti-MYC (green) and LTL (red; L through N). Shown are representative images of glomeruli from wild type (I and L), CRE(Ϫ);NOTCH-IC (J and M), and CRE(ϩ);NOTCH-IC (K and N) mice. For L through N, anti-MYC staining was originally detected with AlexaFluor 594 secondary antibody, and LTL staining was performed with FITC-LTL. For comparative purposes, corresponding original images (shown in Supplemental Figure 1 ) were color-adjusted using Photoshop 6.0 to show anti-MYC immunodetection as green and LTL reactivity as red. Sections were counterstained with DAPI. White arrows, anti-MYC-labeled podocytes. White arrowheads, background anti-MYC/anti-mouse IgG immunoreactivity. Magnifications: ϫ400 in C through H; ϫ1000 in I through N.
not exhibit leaky MYC NOTCH-IC expression. Some MYC-positive cells were occasionally detected within capillary lumina outlined by anti-CD31 staining ( Figure 1, I and N, white arrowhead); however, because these MYC-positive cells lacked DAPI staining, we suspected that they were anucleate erythrocytes with background staining. We confirmed this by incubating tissues with anti-mouse secondary antibody alone and demonstrated frequent labeling of DAPI-negative cells with anti-mouse secondary within glomerular capillary lumina (Supplementary Figure 1 , A through C). Likewise, we did not detect nuclear anti-MYC staining in tubular structures identified by LTL staining in wild-type, CRE(Ϫ);NOTCH-IC, and CRE(ϩ);NOTCH-IC mice (Figure 1 , L, M, and N, respectively) but observed background staining within tubular cytoplasm (Supplemental Figure 1, D through F) . Thus, we concluded that MYC NOTCH-IC expression was restricted to the podocyte lineage in our transgenic system, which afforded the opportunity to determine effects of constitutive NOTCH activation exclusively in podocytes.
Early-Onset Proteinuria in CRE(؉);NOTCH-IC Transgenic Mice
Effects of MYC NOTCH-IC expression on postnatal podocyte function as they related to glomerular filtration barrier selective permeability were determined by urine protein analysis. Screening for proteinuria was performed by random urine dipstick testing in newborn (P0), P7, P14, P21, and P42 mice (Table 1). At P0 and P7, the median urine dipstick test results were trace for wild-type, CRE(Ϫ);NOTCH-IC, and CRE(ϩ); NOTCH-IC mice. At P14, however, the median test result for CRE(ϩ);NOTCH-IC mice was 3.0 g/L (n ϭ 8 mice) and subsequently was Ͼ20 g/L at P21 (n ϭ 8 mice) and P42 (n ϭ 4 mice). In contrast, the median result was consistently trace for CRE(Ϫ);NOTCH-IC mice at P14 through P42. For more accurate assessment of protein excretion, random urine protein concentration and corresponding total urine protein-creatinine ratio were determined. Random urine protein concentration measurements correlated with urine dipstick results (Table 1) and were significantly higher in CRE(ϩ);NOTCH-IC mice at P14, P21, and P42 as compared with age-matched CRE(Ϫ);NOTCH-IC and wild-type mice [CRE(ϩ);NOTCH-IC urine protein, P versus CRE(Ϫ);NOTCH-IC, P versus wildtype: P14: 3535 Ϯ 513 mg/L, P ϭ 0.0001, P Ͻ 0.0001; P21: 3273 Ϯ 452 mg/L, P ϭ 0.0005, P ϭ 0.0006; P42: 3179 Ϯ 833 mg/L, P ϭ 0.007, P ϭ 0.01]. Likewise, urine protein:creatinine values for CRE(ϩ);NOTCH-IC mice were higher compared with wild-type or CRE(Ϫ);NOTCH-IC mice at P7 and reached statistical significance at P14 [CRE(ϩ);NOTCH-IC urine protein;creatinine mg/mmol, P versus CRE(Ϫ);NOTCH-IC, P versus wild-type: P14: 217 Ϯ 51, P ϭ 0.01, P ϭ 0.0005; P21: 2011 Ϯ 464, P ϭ 0.008, P ϭ 0.007; P42: 3359 Ϯ 1567, P ϭ 0.05, P ϭ 0.07]. For CRE(Ϫ);NOTCH-IC mice, random urine protein; creatinine ratios were not statistically significantly different from wild-type values, except at P14 (protein:creatinine mg/mmol: wild type: 22 Ϯ 3 versus CRE(Ϫ);NOTCH-IC: 67 Ϯ 13, P ϭ 0.002). Because corresponding values at P21 and P42 were not statistically different between these two groups ( Light microscopy examination of CRE(ϩ);NOTCH-IC newborn kidney tissue sections revealed normal histomorphology of developing and advanced stage glomeruli (data not shown); however, at P14, some CRE(ϩ);NOTCH-IC glomeruli exhibited increased periodic acid-Schiff (PAS) staining and mild mesangial hypercellularity ( Figure 2 , G and J). In contrast, agematched CRE(Ϫ);NOTCH-IC mice had normal glomerular morphology ( Figure 2 , A and D). At P21, several CRE(ϩ); NOTCH-IC mouse glomeruli showed intense mesangial PAS staining ( Figure 2 , B and E, and H and K). Whereas these lesions exhibited reduced caliber of glomerular capillaries, the overall architecture of the glomerular capillary tuft was intact and did not appear collapsed ( Figure 2K ). Within same sections, the extent of individual glomerular damage was variable; that is, some glomeruli exhibited milder lesions ( Figure 2J ), whereas others showed more severe lesions ( Figure 2K ). In addition, sections showed evidence of renal tubular injury ( Figure 2H , blue arrowheads). By P42, the majority of CRE(ϩ);NOTCH-IC glomeruli showed marked mesangial matrix expansion, reduced capillary diameter, thickening of Bowman's capsule ( Figure 2 , C and F, and I and L), and severe tubular damage.
To determine the extent of glomerular involvement over time, tissue sections from P0 through P42 mice were semiquantitatively scored for glomerulosclerosis severity (GS score). In CRE(Ϫ);NOTCH-IC mice, the median GS score was 0 at all ages (Table 2 ). GS score Ն1 accounted for less than one third of the total number of glomeruli analyzed at each time point in CRE(Ϫ);NOTCH-IC mice ( Figure 2M ; percentage of glomeruli with GS score Ն1: P0, 4 Ϯ 1%; P7, 7 Ϯ 4%, P14, 33 Ϯ 8%; P21, 16 Ϯ 4%; P28, 6 Ϯ 3%; P42, 32 Ϯ 8%). In contrast, lesions were observed more frequently in CRE(ϩ); NOTCH-IC glomeruli over time ( Figure 2M ; percentage of CRE(ϩ);NOTCH-IC glomeruli with GS score Ն1: P0, 23 Ϯ 5%; P7, 46 Ϯ 11%, P14, 81 Ϯ 8%; P21, 82 Ϯ 14%; P28, 89 Ϯ 19%; P42, 96 Ϯ 18%) and were more severe ( Figure 2M ; percentage of CRE(ϩ);NOTCH-IC glomeruli with GS score Ͼ2: P0, 8 Ϯ 2%; P7, 28 Ϯ 9%, P14, 60 Ϯ 6%; P21, 59 Ϯ 12%; P28, 80 Ϯ 18%; P42, 81 Ϯ 17%).
Transmission electron microscopy demonstrated reduced glomerular capillary lumen caliber and increased mesangial matrix in CRE(ϩ);NOTCH-IC glomeruli ( Figure 3 , A and B). Podocytes showed focal foot process effacement and slit diaphragm loss ( Figure 3 , C and D, black arrow). The glomerular basement membrane was not thickened or split in regions contiguous with foot process effacement ( Figure 3D , white arrow). Immunostaining for type IV collagen ␣3, ␣4, and ␣5 chains was identical between CRE(ϩ) and CRE(Ϫ);NOTCH-IC glomeruli (data not shown), suggesting that a primary defect in glomerular basement membrane composition was unlikely to explain glomerular filtration barrier dysfunction in CRE(ϩ);NOTCH-IC mice.
Loss of Mature Marker Expression and Cell-Cycle Reentry in Notch-Activated Podocytes
Wt1, Nphs1, and Nphs2 mRNA were initially expressed in glomeruli of newborn CRE(ϩ);NOTCH-IC transgenic mice (data not shown); therefore, we speculated that primary deficiency in these genes was unlikely the cause of glomerulosclerosis in CRE(ϩ); NOTCH-IC mice as suggested for glomerulosclerosis in humans and mice with corresponding loss of function mutations. [15] [16] [17] However, secondary loss of podocyte-specific gene expression has been shown to accompany glomerulosclerosis in experimental models of nephrosis, 18 -20 which may be a mechanism of disease progression in these systems. To gain insight into the mechanism of glomerulosclerosis progression in CRE(ϩ);NOTCH-IC mice, we analyzed Wt1, Nphs1, and Nphs2 mRNA expression over time in glomeruli of CRE(ϩ);NOTCH-IC mice by semiquantitative reverse transcriptase-PCR (RT-PCR) on RNA extracted from glomerular isolates. For semiquantification, 18S RNA levels served as an internal reference. At P7, Wt1, Nphs1, and Nphs2 mRNA levels were not significantly different in glomerular extracts from four CRE(ϩ);NOTCH-IC mice compared with four age-matched controls ( Figure 4 , A, top, and B). Likewise, at P14, corresponding expression levels were comparable in CRE(ϩ) and CRE(Ϫ);NOTCH-IC mice ( Figure 4 , A, middle, and B); however, at P21, Wt1, Nphs1, and Nphs2 mRNA levels were lower in CRE(ϩ);NOTCH-IC compared with CRE(Ϫ);NOTCH-IC mice ( Figure 4 , A, bottom, and B). The fold change in mRNA expression at P21 in CRE(ϩ);NOTCH-IC relative to CRE(Ϫ); NOTCH-IC glomeruli for Wt1, Nphs1, and Nphs2 was Ϫ4.6 Ϯ 0. depends on MYC NOTCH-IC expression. Taken together with our histologic analysis of CRE(ϩ);NOTCH-IC glomeruli, we concluded that Notch activation induced loss of mature podocyte characteristics, namely morphologic changes in foot process and slit diaphragm architecture and decreased expression of differentiated podocyte markers.
To determine the fate of MYC NOTCH-IC-transformed podocytes, we examined glomeruli for markers of cell-cycle re-entry and podocyte de-differentiation by analyzing expression of Ki67 and Pax2, 21, 22 respectively. Kidney tissue sections were incubated with anti-WT1, anti-MYC, and anti-Ki67 antibodies to label simultaneously podocytes, MYC NOTCH-ICexpressing cells, and proliferating cells, respectively. Accordingly, we hypothesized that cells staining positively with anti-WT1, anti-MYC, and anti-Ki67 represented proliferating, Notch-IC-transformed podocytes. Triple staining of sections revealed a subset of podocytes showing simultaneous anti-WT1, anti-MYC, and anti-Ki67 staining as early as P7 ( Figure 6 , E through H). These data suggested that Notch activation induced cell-cycle re-entry in podocytes at a stage preceding loss of WT1 protein expression. At P21, the majority of WT1-positive cells were co-labeled with anti-MYC and anti-Ki67 antibodies ( Figure 6 , M through P), suggesting that proliferating podocytes continue to express WT1 protein at P21. Anti-Ki67 staining was not detected in WT1-positive podocytes of P7 or P21 CRE(Ϫ);NOTCH-IC glomeruli ( Figure 6 , A through D, and I through L).
Effects of MYC NOTCH-IC expression on podocyte cell proliferation over time were determined quantitatively by counting the total number of anti-MYC, anti-Ki67, and anti-WT1-labeled cells per glomerulus at P7, P21, and P28. Results in Table 3 show the percentage of (Ki67, WT1)-double-positive cells, which reveal a quantitative increase in podocyte cell proliferation over time in CRE(ϩ); NOTCH-IC mice. As expected, no proliferating podocytes were observed in CRE(Ϫ);NOTCH-IC mice at any age. Within individual glomeruli, the relative proportion of (MYC, WT1)-double-positive cells that were also Ki67-positive [i.e., (MYCϩ, WT1ϩ, Ki67ϩ)/(total MYCϩ, WT1ϩ)] was 50 Ϯ 11% (n ϭ 15 glomeruli) at P7, 92 Ϯ 6% (n ϭ 12 glomeruli) at P21, and 69 Ϯ 11% (n ϭ 16 glomeruli) at P28, suggesting that MYC NOTCH-IC-transformed podocytes eventually assume a proliferative fate. Incidentally, anti-Ki67 staining was detected in some cells of CRE(Ϫ) and CRE(ϩ);NOTCH-IC glomeruli, which neither stained positively with anti-WT1 or anti-MYC antibodies ( Figure 6 , C and K, blue arrowheads), signifying these cells of nonpodocyte origin. The mean number of Ki67-positive cells that were (WT1,MYC)-double negative per glomerulus was not significantly different in CRE(ϩ);NOTCH-IC mouse glomeruli compared with age-matched CRE(Ϫ);NOTCH-IC glomeruli [mean number (Ki67ϩ WT1Ϫ MYCϪ) cells per glomerulus, CRE(ϩ);NOTCH-IC versus CRE(Ϫ);NOTCH- 
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glomerulus shows intense PAS-stained mesangial matrix expansion, obliteration of glomerular capillaries, and thickening of parietal epithelium (black arrowhead). (M) Frequency distribution plot showing percentage of total number of glomeruli per tissue section at P0, P7, P14, P21, P28, and P42 (n ϭ 3 mice per age group) with corresponding GS score. o, CRE(Ϫ);NOTCH-IC mice; f, CRE(ϩ);NOTCH-IC mice. SE as shown. Magnifications: ϫ400 in A through C and G through I; ϫ800 in D through F and J through L. Figure 7M , red arrowhead), further suggesting that PAX2 expression in nonpodocyte cell types was independent of MYC NOTCH-IC expression. In contrast, anti-PAX2 antibody staining was detected in cells residing within the capillary tuft of CRE(ϩ);NOTCH-IC glomeruli ( Figure 7M ). Simultaneous double-labeling with anti-MYC identified these PAX2-positive cells as MYC NOTCH-IC-expressing podocytes (Figure 7 , L and N, green and yellow arrows, respectively), BASIC RESEARCH www.jasn.org suggesting that induction of PAX2 expression in podocytes depended on presence of Notch. Collectively, these data suggested that constitutive Notch signaling induces podocytes to a proliferative fate with increased expression of PAX2.
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Phenotypic Rescue of CRE(؉);NOTCH-IC Mice by Rbpsuh Mutational Inactivation in Podocytes
Recognizing that Notch may activate downstream transcriptional events through RBPJ--dependent and -independent mechanisms, 23, 24 we sought to determine to what extent glomerulopathy could be prevented in CRE(ϩ);NOTCH-IC mice by blocking RBPJ--dependent Notch signaling. Accordingly, we used a genetic approach to induce simultaneously conditional Rbpsuh inactivation and MYC NOTCH-IC expression in podocytes. For purposes of interpreting effects of Rbpsuh loss of function in CRE(ϩ);NOTCH-IC mice, we first determined the individual effect of Rbpsuh inactivation in podocytes. To circumvent embryonic lethality associated with homozygous targeted Rbpsuh deletion in mice, 25 we induced podocyte-specific, homozygous mutational inactivation of a conditional null Rbpsuh allele, RBP f . 26 Evidence of Rbpsuh mutational inactivation was provided by semiquantitative RT-PCR analysis of newborn kidney cortex total RNA, which showed decreased Rbpsuh mRNA levels in Podocin-CRE /ϩ ;RBP f/del newborn mouse kidneys as compared with CRE-negative, RBP f/ϩ kidneys ( Figure 8A ). Absent RBPJ-protein in podocytes after the capillary loop stage of glomerulogenesis was demonstrated by immunohistochemistry using a monoclonal anti-RBPJ-antibody ( Figure 8, B and C) .
On light microscopy, Podocin-CRE /ϩ ;RBP f/del newborn and P21 mouse glomeruli appeared morphologically normal (Figure 8, D Collectively, these data suggested that lack of RBPJ--mediated Notch signaling in podocytes from the capillary loop stage does not adversely affect subsequent podocyte differentiation or their functional contribution to glomerular filtration barrier selective permeability. Consequently, this series of experiments afforded us the opportunity to evaluate independently the effects of MYC NOTCH-IC expression when Rbpsuh was simultaneously inactivated.
To generate mice in which expression of MYC NOTCH-IC and mutational inactivation of Rbpsuh were simultaneously induced in podocytes, we used a three-stage breeding strategy involving Podocin-CRE /ϩ , RBP f/del , and IC-Notch1 /ϩ mouse lines. This strategy ultimately resulted in the generation of triple-transgenic compound mutant mice with the following genotypes ( Figure 9A) mouse kidneys showed evidence of severe glomerulosclerosis and tubular damage on light microscopy ( Figure 9 , B and C). Kidneys of pCRE(ϩ);NOTCH-IC;RBP HET mice, however, were less severely affected, showing less severe glomerular lesions and less extensive tubular damage ( Figure 9, D and E) . In contrast, kidneys of CRE(ϩ);NOTCH-IC;RBP KO mice showed no evidence of glomerulosclerosis on light microscopy (Figure 9 , F and G), and their glomeruli were morphologically indistinguishable from glomeruli of CRE-negative, IC-Notch1 /ϩ ;RBP HET mice (Figure 9 , H and I), which have one mutated RBP allele but do not express MYC NOTCH-IC. On the basis of the normal histologic appearance and lack of proteinuria in pCRE(ϩ);NOTCH-IC; RBP f/del mice, we concluded that glomerulopathy was prevented by blocking RBPJ--dependent Notch signaling in podocytes. These data consequently implicate constitutive RBPJ--dependent Notch signaling as a pathogenic mechanism for podocyte de-differentiation and glomerulosclerosis in mice.
DISCUSSION
Notch signaling is implicated in podocyte cell fate induction. [1] [2] [3] A subsequent requirement for Notch after induction seems to be less crucial. Our demonstration that podocyte development is normal in mice after conditional mutational inactivation of Rbpsuh in developing podocytes supports this view. Previously, a role for Notch in glomerulogenesis was revealed by phenotypic analyses of mice homozygous for a Notch2 hypomorphic allele (Notch2
del1
) and in compound het- erozygotes involving Notch2 del1 and Jag1 (Jag1 dDSL ), encoding the Notch ligand JAGGED1. 27 The glomerular defect in these mutants is characterized by disorganized Wt1-expressing podocytes and either complete absence or dilation of the glomerular capillary tuft. Defective recruitment and maintenance of endothelial and mesangial cells during glomerular capillary tuft formation are postulated as mechanisms for the Notch2 del1 phenotype, which may involve altered Vegf expression. 27 Our analysis of glomerular development in Rbpsuh conditional knockout mice argues against a role for podocyte Notch signaling in glomerular capillary tuft maintenance because Podocin-CRE /ϩ ;RBP f/del mice lack glomerular tuft defects demonstrated by Notch2 del1 mutants or by mice deficient for Vegf. 28 We cannot rule out the possibility that Notch signaling may be involved in glomerulogenesis at a developmental stage that precedes the onset of CRE expression in our transgenic system (e.g., in podocyte progenitors of S-shaped bodies). Alternatively, it is possible that endothelial cells require the Notch signal cell-autonomously during glomerular capillary tuft formation. This latter possibility may be more precisely ascertained in experiments involving glomerular endothelial-specific inactivation of Rbpsuh to circumvent lethal effects of Rbpsuh deletion in extrarenal endothelium. 25 In CRE(ϩ);NOTCH-IC mice, we observed delayed effects on podocyte differentiation that occurred postnatally despite immunohistochemical evidence of nuclear MYC NOTCH-IC protein in developing podocytes. One possible explanation for the apparent delayed response is that levels of nuclear MYC - NOTCH-IC in developing podocytes in our transgenic system may be subthreshold for activating Notch-responsive promoters, as previously proposed. 29 Alternatively, differentiated podocytes may lack sufficient levels of transcriptional co-activators, which are predicted to decrease the likelihood of NOTCH-IC/RBPJ-complexes binding to target promoters. 30 It has been shown in developing pancreas that NOTCH activation in endocrine precursor cells prevents their differentiation, whereas activation in mature ␤ cells is without effect. 31 Likewise, it would be intriguing to determine whether terminally differentiated podocytes are less sensitive to Notch activation by using inducible genetic systems to delay induction of podocyte MYC NOTCH-IC expression. Podocytes play a crucial role in generating and maintaining glomerular filtration barrier selective permeability through synthesis of glomerular basement membrane components and formation of slit diaphragms. 32 Because we did not observe structural defects in the glomerular basement membrane or altered expression of type IV collagen ␣1 to ␣6 subchains (data not shown), it is unlikely that a primary defect in the glomerular basement membrane contributes to loss of filtration barrier selective permeability in CRE(ϩ);NOTCH-IC mice. It is possible that overexpression of MYC NOTCH-IC could exert a dominant negative effect through titration of crucial slit diaphragm components. Because the abnormal phenotype resulting from MYC NOTCH-IC overexpression in murine podocytes is prevented by conditional deletion of Rbpsuh, we favor the likelihood that MYC NOTCH-IC transduces a signal through RBPJ-rather than exerting a dominant effect in our studies. Molecular targets of NOTCH-IC/RBPJ--dependent signaling in podocytes are unknown; however, insight into potential downstream candidates may derive from studies in Drosophila myogenesis that show genetic interactions between Notch and the nephrin homolog hibris (hbs) in stabilizing cell-cell adhesion and promoting myoblast fusion. 33 Moreover, NOTCH-IC overexpression results in a defective myoblast fusion phenotype, 33 which suggests that inappropriate Notch signaling destabilizes cell-cell junctions during Drosophila myogenesis. Further work will be required to determine whether similar interactions between Notch and nephrin are conserved in podocytes and whether inappropriate Notch signaling destabilizes slit diaphragm protein-protein interactions.
Clinical and experimental data support primary podocyte injury as a key step in the development of glomerular disease causing severe proteinuria. 34 of podocyte injury and quantitative effects on podocyte number. 35 Accordingly, podocyte injury resulting in cell depletion through death or detachment is proposed as a mechanism for FSGS, whereas defective podocyte differentiation causes either collapsing glomerulopathy when associated with high rates of cell proliferation rates or mesangial sclerosis when associated with lower rates of cell proliferation. 35 Using this taxonomy as a framework offers insight into a potential role for Notch activation in human podocytopathy. For example, CRE(ϩ); NOTCH-IC glomerulopathy shows features of mesangial expansion, moderate podocyte cell proliferation, and altered podocyte differentiation that are most consistent with histopathologic findings in diffuse mesangial sclerosis, 21 which is characterized in humans by idiopathic early onset, or in association with WT1 gene mutations affecting DNA binding ability. 36 Some glomeruli in CRE(ϩ);NOTCH-IC transgenic mice show focal and segmental sclerotic changes suggestive of FSGS, yet they lack morphologic features of classic FSGS, 32 including podocyte hypertrophy, synechiae formation, and apoptosis (data not shown). Likewise, although podocytopathy in CRE(ϩ);NOTCH-IC transgenic mice is associated with loss of mature markers, expression of Ki67, and increased expression of PAX2 as observed in collapsing glomerulopathy and HIV nephropathy, 18, 22 histologic features of these latter human glomerulopathies, which include glomerular capillary tuft collapse and robust podocyte hyperplasia, 18 are lacking in CRE(ϩ);NOTCH-IC glomerulopathy. Alternatively, Notch activation may be a common mechanism in podocytopathies wherein the final histologic outcome depends on the level of Notch signaling in affected podocytes.
A precise role for Notch in human glomerular disease is unknown. Glomerular mesangiolipidosis, the glomerular lesion in Alagille syndrome (OMIM# 118450), a multisystem disorder featuring severe cholestasis caused by JAG1 or NOTCH2 mutations, 37 is characterized by lipid deposits within mesangial cells and matrix 38 and bears little resemblance to glomerular lesions demonstrated in Notch2 del1/ϩ ; Jag1 ϩ/Ϫ mice, which exhibit extrarenal phenotypes observed in humans with Alagille syndrome. 39 Because glomerular mesangiolipidosis is reported in conditions of abnormal lipid metabolism, 38 glomerulopathy in humans with Alagille syndrome is more likely to be an effect of cholestasis rather than a primary glomerular defect in Notch signaling.
To our knowledge, our study is the first to demonstrate that activated Notch in podocytes causes glomerulosclerosis in transgenic mice. Further studies will be required to examine whether increased expression of Notch ligands, receptors, or downstream transcriptional targets is associated with glomerulosclerosis in human biopsy specimens, which could support a role for Notch activation in human glomerular disease. Molecular and functional studies have suggested synergistic cross-talk between Notch and TGF-␤ signaling in renal epithelial disease. 40, 41 Because there is compelling evidence that local production of TGF-␤ contributes to the pathogenesis of glomerulosclerosis, 32 studies examining the extent of interplay between Notch and TGF-␤ signaling may provide insight into molecular mechanisms involving Notch that contribute to glomerulosclerosis progression. Alternatively, it is tempting to speculate that activation of Notch/RBPJ--dependent signaling may modify transcriptional responses to WT1 as a pathomechanism of podocyte abnormal phenotype. 
CONCISE METHODS
Breeding and Genotyping of NOTCH-IC
RT-PCR Analysis
Glomerular isolation was performed by magnetic bead microperfusion. 46, 47 Total RNA was extracted and purified using the RNeasy Micro Kit (Qiagen, Mississauga, ON, Canada). cDNA was generated using SuperScript II Reverse Transcriptase (Invitrogen, Burlington, ON, Canada). PCR was performed as described previously 48 using specific primers (Table 5 ). Semiquantitative analysis was performed by band densitometry using ImageJ. 49 
Urine Protein Analysis
Mouse urine was obtained by spontaneous expression. For dipstick analysis, 10 to 20 l of collected urine was spotted onto Labstix Urinalysis Reagent Strips (Bayer, Toronto, ON, Canada) and evaluated by standard colorimetric assay. Urine protein concentration was measured by Bradford microassay (BioRad, Toronto, ON, Canada). Urine creatinine concentration was determined using the Parameter kit (R&D Systems, Minneapolis, MN).
Renal Histology, Glomerulosclerosis Scoring, and Electron Microscopy
For routine histology, mouse kidneys were fixed in 10% formalin and processed for paraffin sectioning. Representative sections were stained with PAS, imaged by brightfield microscopy, and photographed using an Axioskop microscope (Carl Zeiss, Toronto, ON, Canada).
Glomerulosclerosis scoring was carried out as described previously. 50 Sclerosis severity was graded from 0 to 4 as follows: 0, no lesion; 1, 25% of the glomerulus; 2, 25 to 50%; 3, 50 to 75%; and 4, 75% to 100%. Mean GS scores were obtained by averaging scores from all glomeruli on one section.
For electron microscopy, kidney cortex was fixed in 2% glutaraldehyde and processed for epoxy resin embedding and sectioning. Tissue processing and imaging were performed by the Imaging Centre, Toronto Centre for Comparative Models of Human Disease, Mt. Sinai Hospital (Toronto, ON, Canada).
In Situ Hybridization
Nonradioactive mRNA in situ hybridization was performed as described previously. 12 Plasmids for RNA probe synthesis were provided by J. Kreidberg (Harvard University, Boston, MA) (mWt1), S. Quaggin (Samuel Lunenfeld Research Institute, Toronto, ON, Canada) (mNphs1), C. Antignac (Hô pital Necker-Enfant Malades, Paris, France) (mNphs2), and G. Dressler (University or Michigan, Ann Arbor, MI) (mPax2).
Immunohistochemistry and Immunofluorescence Multilabeling
Primary antibodies and lectins were mouse monoclonal anti-MYC (1:1000; Invitrogen), goat polyclonal anti-NOTCH1 (C-20; 1:100; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-WT1 (1:50; Santa Cruz Biotechnology), rat monoclonal anti-CD31 (1:100; Santa Cruz Biotechnology), guinea pig polyclonal anti-nephrin (1:100; Fitzgerald, Concord, MA), sheep polyclonal anti-Ki67 (1: 100; Chemicon, Temecula, CA), rabbit polyclonal anti-PAX2 (1:50; Zymed, San Francisco, CA), rat monoclonal anti-RBPJ-(clone T6709; 1:400; Institute of Immunology, Tokyo, Japan), and FITCconjugated LTL (1:100; Vector Laboratories, Burlington, ON, Canada). Immunoperoxidase staining was performed on formalin-fixed, paraffin-embedded tissue sections. Microwave antigen retrieval was carried out in citrate buffer in four 5-min cycles at medium-high setting (Panasonic NN-S758WC, 950-W maximum output, Panasonic, Mississauga, ON, Canada) followed by 20 min of cooling at room temperature. Unless otherwise specified, blocking was performed in Universal Blocking Reagent (DAKO, Mississauga, ON, Canada). For monoclonal incubations, sections were blocked in 5% rabbit serum for 1 h (rat monoclonals) or with the M.O.M. blocking kit (mouse monoclonals; Vector Laboratories). Primary antibody incubations were carried out at 4°C overnight. Biotin-conjugated secondary antibodies were diluted 1:1000 in blocking reagent and incubated at room temperature. Immunoperoxidase staining was developed using the Vectastain ABC kit (Vector Laboratories). For anti-RBPJ-antibody staining, tyramide signal amplification was performed (TSA-Biotin kit; Perkin Elmer, Woodbridge, ON, Canada). Sections were imaged by brightfield microscopy, and digital photographs were obtained as described previously.
Dual and triple immunofluorescence antibody staining was performed on PFA-fixed frozen sections treated with Proteinase K (Roche, Laval, QC, Canada) 20 g/ml (5 min, 37°C), washed in 0.1% Triton X-100, and blocked with Universal or M.O.M blocking reagent for polyclonal and mouse monoclonal primary antibodies, respectively. Primary antibody incubations were carried out simultaneously. AlexaFluor 488 -, AlexaFluor 594 -, or Cy5-conjugated secondary antibodies (1:1000; Invitrogen) were used for multi-immunofluorescence labeling. Sections were counterstained with DAPI and imaged by fluorescence microscopy using a Zeiss Axioskop microscope with an EXFO X-Cite120 120-W mercury vapor lamp (Photonics Solutions, Edinburgh, Scotland). Digital photographs were obtained as described previously, and merged images were obtained using Photoshop 6.0 (Adobe Systems, Toronto, ON, Canada).
Statistical Analyses
Statistical analyses were performed by t test using Statview 5.0 (Stat Corp, College Station, TX). 
